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Abstract 
Total energy recovery from food waste fermentation in a two-stage 5-L CSTR system, in which hydrogen and methane 
production were sequential setup, was evaluated.  The first –stage hydrogen, and the second-stage methane were produced under 
mesophilic fermentation with the initial pH 6 and 7; and hydraulic retention time of 12 and 24 h, respectively.  The results 
showed that the hydrogen and methane yields were 292.7 and 391.6 mL g-1 VS at the steady stage operation.   The methane yield 
in the one-stage from food waste fermentation were 364.3 mL g-1 VS. The total energy recovery from two-stage process was 
6.5x10-2 kW-h, while that from one-stage process was 4.7x10-2 kW-h. The research study found that the total energy recovery 
from a two-stage fermentation process consisting of hydrogen and methane production potential high energy than one-stage 
methane production.  Clostridium sp. and Lactobacillus are dominant bacteria in the hydrogen fermentation under the steady state 
operation. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
    Utilization of fossil fuels poses environmentally negative effects.  Their prices tend to increase due to limited 
supplies. Several types of renewable energy, environmental friendly and sustainable, have been received much 
attention.  Biohydrogen is widely known as an ideal clean energy source due to its high specific energy content.  The 
process of biological hydrogen production, especially dark fermentation, is less energy intensive than non-biological 
processes, and so is considered more environmentally friendly.  Various types of feedstocks such as municipal  
 
* Corresponding author. Tel.: +662-587-8257; fax: +662-587-8257. 
   E-mail address: npp@kmutnb.ac.th 
waste, livestock manure, crop residues, food waste, and wastewater have been utilized as substrates in the dark 
fermentation [1-4].  The current work evaluated the performance of one and two stage mesophilic fermentation, in 
continuous stirred tank reactors (CSTR), of food waste based on biogas yield and production rate, and overall 
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energy recovery.      
2. Materials and methods 
2.1 Microbial seed 
      
     Microbial seed was obtained from a full-scale up Àow anaerobic sludge blanket (UASB) reactor treating cassava 
wastewater (Eiamburapa Co., Ltd., Thailand).  Coarse matter >0.5 mm diameter was removed by sieving and the 
granules were washed twice with tap water. The fine granules, used in the hydrogen fermentation were boiled at 
100oC for 30 min to deactivate methanogens [5], while those without heat treatment were used in methane 
production stage.   
 
2.2 Food waste 
      
     Synthetic food waste was prepared from typical locally-produced food waste with the composition of 65% 
carbohydrate (rice), 17% vegetable and 18% chicken meat (w/w). The feedstock was ground in a blender to particles 
of diameter approx. 0.5 mm and used as the feedstock with no prior sterilization.  
 
2.3 Two-stage fermentation in CSTR 
     The two-stage mesophilic fermentation including H2 fermentation in the first stage and CH4 fermentation in the 
second stage was set up in two 5-L reactors with a working volume of 4 L.  The food waste of 24,785– 25,030 mg 
COD L-1 was fed in the hydrogen reactor with flow rate 5.5 mL min-1, HRT of 12 h, and organic loading rate of 48 g 
COD L-1 d-1.  The effluent from the hydrogen reactor was adjusted to pH 7 and fed into the methane reactor with 
flow rate 2.25 mL min-1, HRT of 24 h pHs in the hydrogen and methane fermentation were fixed at 6.0 and 7.0. 
Single stage methane fermentation was setup in the similar manner as in the hydrogen reactor but operated under 
flow rate 5.5 mL min-1, HRT of 24 h, and organic loading rate of 24 g COD L-1 d-1.  During the fermentation 
experiment, total gas volume and composition were periodically monitored by gas counters and gas 
chromatography, respectively. The liquid samples were analyzed for pH and volatile fatty acids (VFA) every 4-6 h.   
Suspended solid in the reactors was analyzed for microbial dynamics by 16S rRNA sequencing.    
 
2.4 Analytical methods 
     Total solids (TS), total volatile solids (VS), and chemical oxygen demand (COD) were measured according to 
Standard Methods 2540 G and 5220 B, respectively [6].  The amount of generated biogas was recorded using liquid 
displacement gasometers.  Biogas content (H2, CH4, and CO2) and VFAs were measured periodically every 5 h using 
a gas chromatography [7].     
2.5 Kinetics of gas production  
      
     The modified Gompertz equation (eqn. 1) was used to fit cumulative hydrogen/methane production data obtained 
from each batch experiment [8].   
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where H(t) is cumulative hydrogen production (mL) during the incubation time, t (h), P is the biogas production 
potential (mL), Rm is the maximum production rate (mL h
-1), Ȝ is the lag phase duration (h), and e is the exp(1) = 
2.718. 
Biogas yield (Y) is calculated by dividing the biogas production potential by the amount of VS removed.   
3. Results and discussion 
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3.1 Performance of two-stage fermentation  
      
     Hydrogen was fermented under batch mode at the beginning and continuous flow mode after 168 h fermentation.  
No methane was detected in this stage. Hydrogen percentage swung in the narrow range of 42-48 % after the 
continuous flow operation (Fig 1).  Hydrogen production rate and yield at the steady state operation were 161.7     
mL h-1 and 292.7 mL g-1 VS (Table 1).  Meanwhile methane composition at the steady state operation in the second 
stage was in the range of 50 –53 %, and the remaining were hydrogen and carbon dioxide.  Methane production rate 
and yield at the steady state operation were 168.1 mL h-1 and 391.6 mL g-1 VS. COD removal in the hydrogen and 
methane removal are 60 and 70%, respectively.  Acetate (24 mM) and butyrate (28 mM) are dominant VFAs in the 
hydrogen reactor.  The results indicated optimum condition for the hydrogen production.  Very small amount of 
VFAs was remained in the methane reactor, since high VFAs in the effluent of the hydrogen reactor was converted 
to methane by methanogens.  The results suggested that the methane production stage was properly operated.  The 
total energy recovery from two-stage process was 6.5x10-2 kW-h. 
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Fig. 1. Hydrogen and methane content in two-stage fermentation of food waste 
 
3.2 Performance of one-stage fermentation 
     
     Methane content was in the range of 24 – 56%.  Maximum methane production rate, yield, and COD removal at 
the steady state operation were 143.2 mL h-1, 364.3 mL g-1 VS, and 67 %, respectively.  Little VFA was remained in 
the reactor. The energy recovery from the one stage fermentation is equivalent to 4.7x10-2 kW-h (Table 2), which is 
38% less energy recovery than in the two-stage process.  The finding suggested that the first stage of hydrogen 
fermentation plays significant role in the overall improvement of degradation efficiency and biogas recovery.  
Separation of combined hydrolysis, acidogenesis, and acetogenesis in the first stage from the second stage 
fermentation allows more flexibility in controlling of fermentation conditions and could be more beneficial for 
simultaneous treating and extracting complex organic feedstocks or recalcritant organic matters.   
     
           Table 1. Kinetics data and energy recovery from two-stage fermentation of food waste.     
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Hydrogen Methane  
Hm 
(mL) 
Rm 
(mL h-1) 
Y 
(mL g1VS) 
Mm 
(mL) 
Rm 
(mL h-1) 
Y 
(mLg1 VS) 
Energy 
(kW-h) 
4,398.4 ± 1.9 161.7± 1.1 292.7 ± 8.3 5,000 ± 22.1 168.1± 0.8 391.6 ± 1.3 6.5x10-2 
 
                      Table 2. Kinetics data and energy recovery from one-stage fermentation of food waste.     
 
Mm 
(mL) 
Rm 
(mL h-1) 
Y 
(mL g1 VS) 
Energy 
(kW-h) 
4309.9  ± 2.04 143.2 ± 0.2 364.3 ± 7.4 4.7×10-2 
 
4. Conclusion  
 
     The present work found more efficient performance in two-stage than one stage fermentation of food waste in 
CSTR system regarding the energy recovery. The total energy recovery from sequential hydrogen and methane 
fermentation was improved by 38% compared to the one stage fermentation.  Two-stage process is feasible to 
simultaneously treat and extract hydrogen and methane from complex substrates such food waste, municipal solid 
waste and crop residues.  
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